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Determining the Role of the hERG Intracellular Loop Regions in Regulating
Channel Gating
Elena C. Gianulis, Matthew C. Trudeau.
University of Maryland, Baltimore, Baltimore, MD, USA.
Human ether-a-go-go-related gene (hERG) potassium channels exhibit unique
kinetic properties, including unusually slow deactivation kinetics, which help
to specialize them for their role in the heart. Previously, we demonstrated
that an N-terminal Per-Arnt-Sim (PAS) domain is essential in regulating chan-
nel deactivation kinetics, and that this regulation occurs through a direct inter-
action with a cyclic nucleotide binding domain (CNBD) in the C-terminal tail.
Recent evidence suggests the intracellular loop between the S4 and S5 trans-
membrane domains (S4-S5 linker) may also be of importance in regulating
both activation and deactivation gating and that modulation of gating by the
N-terminal PAS domain may act via the S4-S5 linker; however, the mechanism
for this remains unclear. Here, we sought to investigate the role of the S4-S5
linker, together with the PAS domain, in regulating channel gating by perform-
ing site-directed mutagenesis within the S4-S5 linker region. We found that
mutations in the S4-S5 linker produced channels with altered gating properties,
including accelerated deactivation kinetics and shifts in the steady-state activa-
tion curves, supporting the notion that this region may play an important role in
gating. For example, hERG E544R mutant channels exhibited faster deactiva-
tion kinetics and a rightward shift in the steady-state activation curve to more
positive potentials. On the other hand, hERG Y545A mutant channels also ex-
hibited accelerated deactivation kinetics, but instead showed a leftward shift in
the steady-state activation curve to more negative potentials. Together, these
experiments work towards elucidating the role of the S4-S5 linker region in
regulating hERG channel gating.
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Ligand-Binding Characteristics of the Cyclic Nucleotide Binding Domain
(CNBD) of the HERG Potassium Channel and Long QT Syndrome
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cAMP may regulate human ether-a-go-go-related gene potassium channel
(HERG) by either stimulating protein kinase A (PKA) to phosphorylate the
channel or direct binding to the cyclic nucleotide binding domain (CNBD) of
HERG. The consequence of direct cAMP binding to HERG is still unclear. Mu-
tations throughout the HERG channel can disrupt its function, leading to the
Long QT syndrome. Dysfunction of HERG harboring mutations in the
CNBD has been attributed to inability to bind cyclic nucleotides and/or im-
proper trafficking. We characterized ligand binding of HERG potassium chan-
nel nucleotide binding domain (CNBD) using surface plasma resonance (SPR),
fluorescence and affinity pull down experiments. Recombinant HERG-CNBD
was purified and used for these studies. SPR measured cAMP binding to the
isolated CNBD domain with estimated Kd value of 14 - 39 mM. Long QT2 mu-
tants (F805S, G816V, S818L V822M and R823W) introduced into the re-
combinant protein retained binding with cAMP, suggesting that deleterious
channel effects of these naturally occurring mutations are not caused by direct
disruption of cAMP binding. Progressive deletion/truncation study of HERG-
CNBD showed that a 16-amino acid region (residues 755-811) of HERG con-
tributed most to the cAMP binding. Our results confirmed the direct binding of
cAMP to HERG CNBD motif and narrow down the region involved. Disrup-
tion of ligand binding however does not seem to be a primary mechanism
for channelopathy disease. Further studies are needed to determine if CNBD
causes conformational change upon cAMP binding leading to channel
regulation.
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tance during Acidosis
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Acidic pH reduces conductance in a number of voltage-gated potassium (Kv)
channels via stabilization of inactivated states. However, the site and mecha-
nism of action of protons responsible for inhibition of human ether-a-go-go re-
lated gene (hERG) Kv channels is unclear. Consistent with previous
observations that suggest that a stabilization of inactivated states is not respon-
sible, we show that protons reduce maximal conductance in S620T
inactivation-removed channels to the same extent as WT hERG channels. A
Woodhull characterization of the voltage-dependence of channel inhibition in-
dicate that protons experience ~20% of the electric field (d=0.18) at their bind-
ing site. An apparent reduction of the single channel conductance was observedin measurements of hERG single channel activity. These data suggest that rapid
block of the hERG channel pore underlies the proton-mediated loss of conduc-
tance. Consistent with a block of the outer pore, external Kþ (Kd=1 mM,
pH5.5) or Naþ relieved the effect of acidic pH. The negatively charged residue
E637 in the outer pore mouth is a potential proton binding site; however, we
could not test this since neutralization of this site resulted in non-functional
channels. As an alternative strategy, we engineered a glutamate at H587,
a site previously shown to face into the outer mouth of the pore. H587E reduced
the voltage dependence of the proton block indicating that the binding site was
shifted to a site that experiences little of the electric field. This implies that the
proton binding site in WT channels lies deeper within the pore than H587.
Taken together, these data suggest that extracellular protons inhibit hERGmax-
imal conductance by blocking the external channel pore.
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Shaker channel voltage sensor activation is rapid and pore opening is limited
by concerted rearrangements of the intracellular gate. In contrast, hERG chan-
nel activation and deactivation gating kinetics are slow and appear to be lim-
ited by movement of the S4 voltage sensor. The mechanistic basis for these
slow gating kinetics remains unclear. Recent findings in Shaker suggest that
interaction of positive S4 charges (i.e. R1, K5) with a gating charge transfer
centre, formed by F290 and E293 in S2 and D316 in S3 regulate voltage-
dependent S4 movement and gating. Whether such a transfer centre exists
in hERG channels has not been tested. Although the relevant residues are
somewhat conserved, the positive charges are reversed, i.e. K1 and R5, com-
pared to R1 and K5 in Shaker. Moreover, E293 is D466 in hERG. We inves-
tigated whether these differences in the nature of the charges contribute to the
unique gating characteristics of hERG. The hERG K525R (K1R) mutation
left-shifted the G-V relationship by ~50mV. This is consistent with results
in Shaker and suggest that the closed state is stabilized in hERG channels
as a result of the presence of K1 rather than R1. hERG D466E alone had
no effect on the G-V relation, but the mutation restored WT-like gating to
K1R channels, suggesting that the introduced glutamate modifies the stability
of the resting state of the voltage sensor. The R537K (R5K) mutation stabi-
lized the closed state. This is in contrast to what the Shaker model would
predict and suggests that the open state of the channels may be stabilized
by different interactions within or beyond the charge transfer centre. Taken
together, these findings suggest that charge-conserving sequence divergence
in the voltage sensing unit contributes to the unique gating properties of
hERG channels.
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hERG channels encode the alpha-subunit that underlies the rapidly activating
delayed rectifier Kþ current (IKr) in the heart. These proteins play a central
role in cardiac action potential repolarization. hERG channel is a tetramer of
four subunits, each containing six segments, S1-S6, and a re-entrant P-loop
with a pore helix. The importance of hERG channels resides in their unusual
gating, that are slow activation and deactivation, and much faster inactiva-
tion/recovery from inactivation.
One debated and undetermined issue is whether S4 movement in hERG chan-
nels is slow, or if its coupling to pore opening is. Previous studies have sug-
gested that slow activation may be due to slow movement of the S4
segments, however, we recently showed that such movement is actually fast,
but that a secondary conformational rearrangement, related to the pore, is di-
rectly connected to the slow kinetics of activation/deactivation of hERG
channels1.
To get an overall picture of the conformational changes that occur in the whole
channel throughout its activation/deactivation mechanisms, we performed
a fluorescence scan of the S4 segment, the S1-S2 and S3-S4 linkers using
voltage-clamp fluorimetry technique. Results show different profiles of fluores-
cence depending on the location where the fluorescent dye is attached. But in-
terestingly, two profiles seem to be highlighted: 1) minor fast fluorescence
signals with voltage-dependence that correlates well with S4 segment move-
ment, and 2) major slow fluorescence signals that consistently relate to pore
opening/G-V in terms of time course and voltage-dependence, leading to the
conclusion that a concerted channel rearrangement is responsible for or resul-
tant of slow opening in hERG channels.
